Hypothermia induces injury in its own right, but the mechanisms involved in the cell damage are still unclear. The aim of this study was to test the effects that glutathione (GSH) depletion induces on cell death in isolated rat hepatocytes, kept at 4 8C for 20 h, by modulating intracellular GSH concentration with diethylmaleate and buthionine sulfoximine (DEM and BSO). Untreated hepatocytes showed Annexin V stained cells (AnxV + ), scarce propidium iodide stained cells (PI + ) and presented a low level of lactate dehydrogenase (LDH) leakage after 20 h at 4 8C and rewarming at 37 8C. When DEM and BSO were added before cold storage, we observed a few AnXV + cells and an increase in PI + cells associated with LDH release in the incubation medium. Conversely, the addition of DEM and BSO only during rewarming caused a marked increase in cell death by apoptosis. Production of reactive oxygen species (ROS) and thiobarbituric acid species (TBARS), associated with a decrease in GSH concentrations, was higher when DEM and BSO were added before cold storage. Cells treated with DEM and BSO before cold storage showed lower ATP energy stores than hepatocytes treated with DEM and BSO only during rewarming. Pretreatment of hepatocytes with deferoxamine protected against apoptotic and necrotic morphology in conditions of GSH depletion. These results suggest that pretreatment of hepatocytes with DEM and BSO before cold storage induces necrosis, while the treatment of hepatocytes only during rewarming increases apoptosis. In both conditions, iron represents a crucial mediator of cell death. D
Introduction
Early biochemical changes characteristic of cells undergoing apoptosis are chromatin condensation and margination [1] as well as the externalization of phosphatidylserine molecules and the activation of endogenous endonuclease that cleaves DNA into oligonucleosomes. The exposure of phosphatidylserine (PS) is a relatively early event that coincides with nuclear condensation, but precedes membrane damage and DNA fragmentation [2] . Some authors have reported that the key morphological changes in apoptosis may not be related to DNA fragmentation produced by endonuclease activity and that apoptosis can occur without DNA degradation [3, 4] . On the other hand, necrosis is characterized by cellular swelling, rupture of plasma membranes, and cell lysis with leakage of cell components [5] . It is well known that reactive oxygen species (ROS) or oxidants are involved in the induction and execution of apoptosis as well as in necrosis [6, 7] .
Hypothermia induces injury in its own right, but the mechanisms involved in cell damage remain still unclear. Rauen and de Groot [8] provide the evidence of the crucial role of reactive oxygen species in hypothermia injury using cultured rat hepatocytes. Glutathione (GSH) plays a central role in the defense of cells against ROS. Previous studies from our laboratory have documented the existence of an 0925-4439/$ -see front matter D 2004 Elsevier B.V. All rights reserved. doi:10.1016/j.bbadis.2004.11.022 ATP-dependent nuclear GSH sequestration system in isolated hepatocytes [9] . Glutathione depletion in hepatocytes before cold storage occurs when the donor liver is treated with thyroid hormones and this increases susceptibility to ischemia-reperfusion injury and exacerbates pretransplant liver damage [10] . Moreover, lower concentrations of GSH is observed when the donor liver is steatotic. It has been suggested that the observed increase in oxidative stress may contribute to reduced the tolerance of steatotic livers to ischemia-reperfusion injury [11] . Recent data support the hypothesis that apoptosis requires a change in the intracellular redox status to be effective and can be reverted by antioxidants: N-acetyl-l-cysteine (NAC), a GSH precursor, appears to be a useful drug for the treatment of cell damage characterized by apoptosis associated with a change in redox status [12] .
Free or chelatable iron is an emerging dynamic regulator of cellular function and important mediator of cell injury [13] . Recently, Rauen et al. [14] reported that iron per se can induce apoptosis in cultured hepatocytes after cold preservation and rewarming and that this injury is mediated via mitochondrial permeability transition (MPT).
The purpose of this study is to identify the mode of death when the GSH depletion occurs before hypothermia or only during rewarming in rat hepatocytes after 20 h of cold storage and 30 min, 1, 2, 3 h at 37 8C. In order to decrease intracellular GSH content and inhibit GSH resynthesis, cells were treated simultaneously with diethylmaleate (DEM) [15] , a substrate for glutathione transferase and with buthionine sulfoximine (BSO), a specific inhibitor of gglutamylcysteine synthetase [16] . Furthermore, we studied the role of iron in hypothermia-induced apoptosis or necrosis in presence of low GSH levels preincubating heptocytes with deferoxamine.
Materials and methods

Materials
Collagenase (Type I) was obtained from Roche (Milan, Italy); N-(2-hydroxyethyl)-piperazine-NV-(2-ethanesulfonic acid) (HEPES), cell culture media, antibiotics and all the other chemicals were purchased from Sigma (Milan, Italy). Dichlorodihydrofluorescein diacetate was obtained from Molecular Probes (Leiden, The Netherlands).
Hepatocyte isolation and treatment
Hepatocytes were isolated from male Wistar rats (200-250 g, fed ad libitum) by collagenase perfusion of the liver as described by Moldeus et al. [17] . Cell viability, measured at the beginning of the experiments, ranged between 85% and 90%. After isolation, the cells were resuspended in a Williams E medium supplemented with 0.1 mg/ml strepto-mycin, 100 U/ml penicillin and 5 mM HEPES, pH 7.4. For histological examination, hepatocytes were plated on collagen-coated 21Â26 mm glass cover slips and for biochemical assay the cells were plated on collagen-coated Petri dishes (5Â10 5 /ml). The cells were maintained in an incubator at 37 8C for 2 h to allow cell attachment and equilibration. Subsequently, a fresh culture medium was added for 4 h. The cells were then incubated at 4 8C for 20 h either with Williams E medium or with University of Wisconsin (UW). Three experimental conditions were performed: (a) untreated control hepatocytes; (b) hepatocytes incubated with DEM (0.1 mM) and BSO (0.5 mM) before cold storage (4 h at 37 8C); (c) hepatocytes incubated with DEM (0.1 mM) and BSO (0.5 mM) only during rewarming. In all cases, after cold storage, the cells were rinsed twice and rewarmed at 37 8C in phosphate saline buffer (PBS) for 30 min, 1, 2, 3 h. In some experiments, hepatocytes were preserved with UW solution incubated in an anoxia chamber saturated with N 2 /CO 2 . Some hepatocytes were preincubated with deferoxamine 10 mM 30 min at 37 8C before cold storage [18] .
Assays
Analysis using Annexin V and propidium iodide (PI) were performed according to the manufacturer's protocol (Molecular Probes); cover slips were post-fixed with 4% paraformaldehyde to avoid photobleaching of the dye. Quantification of annexin V binding was performed simultaneously with a dye exclusion test using PI to discriminate between apoptosis and necrosis [19] .
The concentration of total glutathione was measured by the enzymatic recycling method using glutathione reductase and 5V,5V-dithio-bis(2-nitrobenzoic acid) as described by Tieze [20] .
Lipid peroxidation was monitored by measuring the formation of thiobarbituric acid-reactive substances (TBARS) [21] as reported in the literature.
To evaluate ROS formation, the hepatocytes were loaded with a dichlorodihydrofluorescein diacetate (DCFH) probe at a concentration of 5 AM. At the times indicated, cells were lysed with 1% Triton-X 100 and measurements were performed in duplicate using an LS50B Perkin Elmer Luminescence spectrometer [22] . Arbitrary units were calculated as a percentage of fluorescence in treated cells relative to the fluorescent value in untreated control cells.
Cell ATP content was determined using an ATP Bioluminescence Assay Kit CLSII (Roche Diagnostics, Italy). Cells were lysed in 0.5% Triton X-100, 10 mM Tris-HCl, pH 7.5, 1 mM EDTA and incubated in ice. The ATP content was measured using a Perkin Elmer Luminometer.
Proteins were evaluated using the method developed by Lowry et al. [23] , with bovine serum albumin as standard [23] .
Release of lactate dehydrogenase (LDH) was evaluated according to the standard procedure [24] .
Cell counting
Annexin V-, PI-positive hepatocytes were counted in a randomly selected field at 40Â magnification and the apoptotic cells were stained with Giemsa at 100Â magnification using a Plan-neofluar objective and Zeiss Axioplan and Axioscope microscopes fitted with MC-63 Differential Interference Contrast photographic systems.
Statistical analysis
Data are presented as the averageFS.E. of at least four sets of independent experiments. Each experiment contained a duplicate sample. Statistical analysis for multiple comparisons was performed by a one-way ANOVA test with Bonferroni's corrections.
Results
Mode of cell death correlates with the intracellular GSH levels
Giemsa staining and Annexin V staining, which detect early apoptosis, revealed that cell death of hepatocytes, rewarmed after 20 h at 4 8C, was characterized by a typical apoptotic morphology (data not shown) ( Fig. 1 ). After 30 min, 1, 2, 3 h at 37 8C, the presence of Annexin V positive/ propidium iodide negative (AnxV + /PI À ) cells, scarce propidium iodide stained cells (AnxV + /PI + ) and a low level of lactate dehydrogenase (LDH) leakage were observed as shown in Fig. 1 . To investigate the role of intracellular GSH levels in controlling cell death, experiments were performed using GSH-depleting agents: when the GSH depletion occurs before cold storage, most cells die by necrosis and only a small percentage die by apoptosis ( Fig. 1 ). Further support to the analysis of necrotic death was provided by assessing LDH release in the incubation buffer as documented in Fig. 1 : A marked increase in LDH release was observed only when hepatocytes were incubated with DEM and BSO before cold storage. On the contrary, if the depletion of GSH occurred only during rewarming, a marked increase in apoptotic cells was observed associated with a low number of propidium iodide-stained cells (PI + ) and a low level of LDH leakage (Fig. 1 ). The depletion in GSH by DEM and BSO only during rewarming induced a noteworthy increase in the number of AnxV + /PI cells-as compared with untreated cells (Fig. 1A) . Thus, a GSH depletion before cold storage led to death by necrosis; conversely, the depletion of GSH only during rewarming induced an increase in death by apoptosis. We performed experiments using UW as preservation solution in a N 2 /CO 2 saturated chamber changing the GSH levels as described above. The results show a similar mode of death in the hepatocytes treated with DEM/BSO and preserved in UW compared with hepatocytes preserved in Williams E medium as reported in Fig. 2 . Other authors confirmed our results: cold-induced apoptosis takes place in UW solution as in Williams E medium despite the fact that the first is composed in a different way than cell culture medium [18] .
No instance of cells positive for the TUNEL test, designed to identify DNA nicks, was seen in any of the time intervals or any of the experimental conditions (data not shown). 
Analysis of oxidative stress
Assessment of GSH concentration and TBARS formation revealed a marked oxidative stress in cells treated with DEM and BSO compared with untreated control hepatocytes ( Fig. 3 ). Addition of DEM and BSO before cold storage induced a marked decrease in GSH levels even at the beginning of the rewarming period. The degree of oxidative stress is higher when GSH depletion occurs in the prestorage period than in hepatocytes treated only during rewarming: GSH depletion was 79F2.3% vs. 56F1.9%, respectively ( Pb0.05) after 1 h at 37 8C (Fig. 3A) . Lipid peroxidation levels increased in hepatocytes incubated with GSH-depleting agents in comparison with those of untreated cells during rewarming. Moreover, the TBARS contents were 7.9F1.2 nmol/ml in hepatocytes treated before hypothermia and 5.8F0.9 nmol/ml ( Pb0.05) in cells incubated with DEM and BSO only during rewarming after 1 h at 37 8C (Fig. 3B) .
We measured the levels of reactive oxygen species (ROS) in response to rewarming and DEM and BSO addition. ROS formation was higher in cells treated with GSH-depleting agents before cold storage than in cells treated only during the rewarming period ( Fig. 3C ).
Mode of death and ATP levels
The maintenance of adequate ATP levels is crucial for the viability of liver cells. At the end of the hypothermic period, the addition of DEM and BSO before cold storage induced a significant decrease in ATP levels in comparison with untreated cells (Fig. 4 ). When the analysis was performed at the end of the rewarming, ATP levels had partially recovered in control hepatocytes and in hepatocytes treated with DEM and BSO only during rewarming, whereas ATP content remained low in cells treated with GSH-depleting agents before cold storage, that die by necrosis (Fig. 4) . The temporal occurrence of GSH depletion was thus correlated to intracellular ATP levels, which were lower in the hepatocytes treated with DEM and BSO before cold storage, than in cells incubated with these agents only during rewarming. The switch from apoptosis to necrosis, induced by GSH-depletion agents added in the pre-storage period may reflect, or be due to, the loss of ATP availability, which is well known to be required for the propagation of the apoptotic cascade.
Effects of iron chelator deferoxamine
Some authors reported that iron appears to be crucial mediator of cell death during cold-induced apoptosis [14] . Referring to these data, we performed experiments in which the iron chelator deferoxamine 10 mM was added for 30 min at 37 8C before cold storage. Our results demonstrated that deferoxamine protects against both apoptotic and necrotic morphology in both conditions of GSH depletion as shown in Fig. 6 . Hepatocytes treated with GSH-depleting agents before cold storage showed a significant decrease in ATP levels. Pretreatment with deferoxamine prevented this effect (Fig. 5 ).
Discussion
The present results indicate that the change in GSH status either before cold storage or only during rewarming plays a critical role in determining the mode of death in isolated rat hepatocytes after 20 h at 4 8C and 1 h at 37 8C. Iron ions are involved in cold-induced apoptosis and necrosis after GSH depletion as indicated by the deferoxamine protection in hepatocytes after hypothermia and rewarming.
The suppression of apoptosis and the induction of necrosis was observed when the depletion of GSH occurred before the incubation at 4 8C. Conversely, the addition of DEM and BSO only during rewarming induced a marked increase in apoptosis. We also observed a marked increase in oxidative stress that was higher in the hepatocytes incubated with GSH-depleting agents before cold storage than in cells treated with DEM and BSO only during rewarming as documented by TBARS and ROS formation.
Apoptosis and necrosis are involved in a wide range of morphological and biochemical changes. An increase in intracellular oxidation may determine the selection between apoptosis and necrosis. Frequently, it is the intensity of the same insult that decides the prevalence of death. In fact, Sata et al. [25] demonstrated that menadione induces apoptosis at low concentrations and necrosis at high concentrations in the rat pancreatic acinar cell line. Also, McConkey et al. [26] demonstrated that the incubation of freshly isolated rat hepatocytes with moderately toxic concentrations of menadione resulted in chromatin condensation and progressive DNA fragmentation, suggesting that stimulation of an endogenous endonuclease is involved in apoptosis. Conversely, high concentrations of Menadione induced necrosis in isolated hepatocytes [27] . The treatment of human lung fibroblasts (HFL-1 cells) with hydrogen peroxide (H 2 O 2 ) induces both necrosis and apoptosis through the action of ROS. The relatively low concentrations of H 2 O 2 predominantly induced apoptosis, whereas higher concentrations of H 2 O 2 predominantly induced necrosis in HFL-1 cells [28] .
Recent studies have demonstrated that oxidation-mediated alterations in mitochondrial function regulate the selection between apoptosis and necrosis in human Promonocytic cells treated with alkylating drugs [29] . The authors found a close correlation between necrosis induction and alteration in mitochondrial function as revealed by the transmembrane potential [29] . In particular, alkylating drugs are detoxified by GSH conjugation and the decrease in local antioxidant defence can sometimes result in a drastic overaccumulation of ROS in the mitochondria of BSO-treated cells causing irreversible mitochondrial damage and leading to necrosis.
Recently, Nagai et al. [30] have reported that GSH depletion causes necrosis and sensitization to tumor necrosis factor-a-induced apoptosis in cultured mouse hepatocytes after acetaminophen treatment. They also observed that marked GSH depletion and/or the consequences of oxidative stress exert an inhibitory effect on caspases. In rat glioma cells, arachidonic acid promotes lipid peroxidation and thereby converts GSH-depletion-induced apoptosis to necrosis by at least reducing caspase-3 activity [31] . Recent results indicate the existence of different apoptosis/necrosis regulatory mechanism in promonocytic cells subjected to a different forms of oxidative stress [32] .
Apoptosis is an energy-dependent process and the decrease in ATP below critical levels prevents the execution of apoptosis whilst promotes necrosis [33] . For this reason, experiments were carried out to compare the fluctuations of ATP levels upon treatment with DEM and BSO added before or after cold storage. When DEM and BSO was added before cold storage, the hepatocytes die by necrosis and their cellular ATP stores are severely depleted. On the contrary, when the hepatocytes were treated with DEM and BSO after cold storage, apoptosis occurred and a sufficient amount of energy was still available allowing activation of the cascade of events that induces apoptotic cell death. In support of our data, Leist et al. [33] have shown that intracellular energy levels are dissipated in necrosis, but not in the apoptosis of neuronal cells. Recently, Lieberthal et al. [34] have reported that ATP depletion can cause either necrosis or apoptosis in cultured mouse proximal tubular cells and a narrow range of ATP depletion represents the threshold determining whether cells die by necrosis or apoptosis. Other authors have documented that the maintenance of ATP promotes apoptosis versus necrosis triggered by a new synthetic drug: benzamide riboside (BR). In particular, the replenishment of the ATP pool by the addition of adenosine prevented necrosis and favored apoptosis after the treatment of leukemic cells with BR [35] .
Glutathione participates in primary cellular processes such as gene expression, cell proliferation and apoptosis. It has been reported that binding sites endowed with true specificity for GSH exist in the cerebral nervous system and this satisfies the main requisite for considering GSH as a neuromediator [36] .
In order to study if iron was involved in the cell liver death in presence of low levels of GSH, we pretreated the cells with the iron chelator deferoxamine. Our results showed that deferoxamine prevents both apoptosis and necrosis in hepatocytes treated with DEM/BSO either before or after cold storage. Kerkweg et al. [18] recently described the central role of chelatable iron in cold-induced apoptosis in rat liver cells. In our model we observed an increase of apoptosis due to the depletion of GSH and a protection during the pretreatment with deferoxamine. We also reported that iron was a mediator in cold-induced necrosis Fig. 6 . Schematic representation of the role of GSH, ATP, TBARS and ROS on the mode of cell death during the rewarming of cold stored rat hepatocytes. Apoptosis will occur when GSH and ATP are available and in the presence of controlled oxidative stress. Cells will die by necrosis when GSH and ATP levels are very low and in the presence of high levels of ROS and TBARS.
in GSH-depleted hepatocytes as demonstrated by experiments with preincubation of cells with deferoxamine. The iron chelator protects against the decrease of ATP in hepatocytes treated with DEM and BSO before cold storage. The efficacy of this drug in ischemia-reperfusion damage have already been demonstrated in different organs such as heart [37] , lung [38] and kidney [39] .
The results of our work suggest that changes in GSH status play a critical role in the mechanisms that regulate apoptosis and necrosis during the rewarming of cold-stored rat hepatocytes. The temporal occurrence of GSH depletion was significantly related to TBARS and ROS formation and intracellular ATP content, which represent the factors driving cells toward necrosis or apoptosis. Fig. 6 . schematically visualizes the role of these factors in hepatocyte death during rewarming after 20 h of cold storage and 1 h of rewarming. A controlled amount of oxidative stress and a sufficient amount of ATP will cause the apoptotic cascade to be activated. Marked depletion of GSH and ATP levels and a profound increase in TBARS and ROS production are, instead, associated to hepatocyte necrosis.
We previously reported that T4 administration before isolation of rat liver increases hepatic susceptibility to ischemia-reperfusion. This increase in liver damage was due to the reduction of the GSH and ATP concentration [10] . Moreover, decreased GSH content and increased lipid peroxidation might explain the decreases in tolerance of steatotic liver to ischemia-reperfusion [11, 40] .
In conclusion, the intracellular GSH content plays a crucial role in determining the mode of death in isolated rat hepatocytes after hypothermia and rewarming. Iron is a central mediator both in apoptotic and necrotic cell death. These results might generate new thinking and new pharmacological strategies, as well as the management of organ donors, in order to reduce liver injury after transplantation. However, in vivo experimental studies are required to validate these data obtained with an in vitro model.
